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Introduction
Double-strand breaks (DSBs), which occur through exposure to genotoxic chemicals, ionizing radiation or reactive oxygen species or during replication-fork blockage (Costanzo et al., 2001; Sutherland et al., 2000; Aguilera & Gó mez-Gonzá lez, 2008; Cadet et al., 2012; Mehta & Haber, 2014) , are one of the most threatening forms of DNA damage. On the other hand, DSBs are enzymatically introduced in a programmed fashion during meiosis and V(D)J or class-switch recombination during immunoglobulin development (Lam & Keeney, 2014; Gapud & Sleckman, 2011; Xu et al., 2012) . To prevent chromosomal rearrangements and genome instability, organisms in all kingdoms of life have developed different DSB-repair pathways (Hanahan & Weinberg, 2011; Myung, Chen et al., 2001; Myung, Datta et al., 2001) .
DSBs are repaired by principal pathways such as nonhomologous end joining (NHEJ) and homology-directed repair or homologous recombination (HR), or alternative pathways such as microhomology-mediated end joining (MMEJ) (Chiruvella et al., 2013; Chapman et al., 2012) . In eukaryotes, the Mre11-Rad50-Nbs1 (MRN) complex plays a key role in the early steps of DSB repair, and its function in the initial detection and processing of DNA ends is important for the choice between resection-dependent (HR, MMEJ) and resection-independent (NHEJ) pathways (Lisby et al., 2004; Truong et al., 2013; Chiruvella et al., 2013; Shibata et al., 2014) . MRN consists of a dimer of Mre11, two Rad50s and, in eukaryotes, Nbs1 (Lammens et al., 2011; Schiller et al., 2012; Mö ckel et al., 2012; Lim et al., 2011; Arthur et al., 2004; Das et al., 2010; Limbo et al., 2012) . The Mre11 nuclease forms the enzymatically active centre of the complex. In vitro, Mre11 is # 2015 International Union of Crystallography able to process DNA exonucleolytically in the 3 0 -to-5 0 direction and cuts ssDNA endonucleolytically (Trujillo et al., 1998; Hopfner et al., 2001) . To date, Mre11 has been found as a dimer in all available crystal structures. Although comparison of these structures reveals a highly conserved overall shape of the protein, consisting of an N-terminal phosphodiesterase domain followed by a capping domain, the dimer angle between the Mre11 protomers can adopt remarkably different conformations (Schiller et al., 2014) . In eukaryotes, the dimer angle is stabilized by latching loops that provide a critical interaction site for Nbs1 with Mre11 (Schiller et al., 2012; Park et al., 2011) . However, a substantial portion of the functionally important, eukaryote-specific latching loops remained disordered in previously determined structures (Schiller et al., 2012; Park et al., 2011) . Here, we present the crystal structure of the Mre11 catalytic domain dimer from the thermophilic eukaryote Chaetomium thermophilum (CtMre11 CD ) at 2.8 Å resolution. We find interpretable electron density for the entire latching loops, revealing an unexpected expansion of the Mre11 dimer interface by this functionally critical region.
Materials and methods

Protein expression and purification
For co-expression, open reading frames for the components of the MRN head complex (MRN HC ) were cloned into two different expression vectors. The Mre11 sequence coding for amino acids 1-537 was cloned into pET-21b vector (Novagen) with NdeI and NotI, and a C-terminal His 6 tag from the vector was fused to the polypeptide chain. Three constructs coding for the Rad50 N-and C-termini (amino acids 1-224 and 1103-1315, respectively) as well as Nbs1 (amino acids 565-714) were first cloned into a modified polycistronic pET-29 vector with NdeI/NotI and then combined with AarI/AscI into a single vector. After co-transformation and induction at an OD 600 of 0.8 with IPTG (0.3 mM final concentration), expression in Escherichia coli Rosetta (DE3) cells took place overnight at 18 C. After cell resuspension in lysis buffer (300 mM NaCl, 25 mM Tris pH 8.0) plus 10 mM imidazole and disruption by sonication, cell debris was removed by centrifugation. The supernatant was incubated with nickel-NTA (Qiagen) for 2 h at 7
C. The nickel-NTA column was washed with 10 column volumes (CVs) of lysis buffer and 5 CVs each of lysis buffer containing 20 and then 50 mM imidazole. The protein complex was eluted with lysis buffer containing 250 mM imidazole. Subsequently, size-exclusion chromatography (Superdex 200 26/60, GE Healthcare) was performed (buffer: 200 mM NaCl, 25 mM Tris pH 8.0); the purified protein was concentrated to 7.0 mg ml À1 and aliquots were frozen in liquid nitrogen.
Crystallization
Crystallization trials with the MRN HC protein were performed by hanging-drop vapour diffusion (Table 1) . Small plate-shaped crystals appeared after three months, and after a further month these were transferred into reservoir solution containing 10%(v/v) 2,3-butanediol for cryoprotection. The crystals were flash-cooled and stored in liquid nitrogen.
Data collection and processing
Data were collected on the X06SA beamline at the Swiss Light Source (SLS), Villigen, Switzerland. The data were indexed and integrated with XDS (Kabsch, 2010a,b) . Datacollection statistics are shown in Table 2 .
Structure solution and refinement
The L-test from POINTLESS indicated the presence of twinning and further analysis with phenix.xtriage identified the twin operator as k, h, Àl (Adams et al., 2010; Winn et al., 2011; Evans, 2006 Evans, , 2011 . The structure of the C. thermophilum Mre11 catalytic domain (CtMre11 CD ; amino acids 4-412) was solved by molecular replacement with Phaser (McCoy et al., 2007) . The search model was the structure of monomeric Schizosaccharomyces pombe Mre11 (PDB entry 4fbq; Schiller et al., 2012) , which was co-crystallized with an Nbs1 construct. The structure was refined with PHENIX, accounting for twinning (Adams et al., 2010) , in combination with manual model building using Coot (Emsley & Cowtan, 2004; Emsley et al., 2010 ). An initial round of rigid-body refinement was followed by restrained refinement with TLS refinement. The 
Results and discussion
We crystallized the catalytic domain of CtMre11 (CtMre11 CD ; amino acids 4-412) and determined the structure by molecular replacement using S. pombe Mre11 (SpMre11 CD ) as the search model (PDB entry 4fbq; Schiller et al., 2012) . The crystallization screen contained the MRN head complex (MRN HC ) and, presumably owing to proteolysis, CtMre11 CD crystals formed. CtMre11
CD contains an N-terminal nuclease domain, which is characterized by a phosphodiesterase motif, and a C-terminal capping domain (amino acids 300-412; Fig. 1a) . The asymmetric unit consists of two Mre11 protomers that together form the characteristic, previously observed Mre11 dimer mediated by interactions between -helices 2 and 3 (Hopfner et al., 2001; Schiller et al., 2012;  Fig. 1 and Supplementary Fig. S1 ). The interface between these two helices consists of mainly hydrophobic residues: Tyr70, Met73, Leu139 and Val142. The dimer interface is extended by Arg66, which forms hydrogen bonds to Asn62, Ser129 and Leu134 from the other protomer (Fig. 2a) . The two manganese ions that are present in the nuclease domains of both CtMre11 CD protomers are coordinated in a similar fashion by the absolutely conserved residues Asp17, His19, Asp57, Asn124, His213, His241 and His243 (Schiller et al., 2012; Fig. 2b ).
Structural comparison of the individual Mre11 protomers of CtMre11
CD with Homo sapiens Mre11 CD (HsMre11 CD ) and SpMre11 CD reveals that they have similar structures, consistent with their high sequence identities of 46 and 61%, respectively (Schiller et al., 2012; Park et al., 2011; Sievers et al., 2011; Goujon et al., 2010 electronic reprint approximately 5 Å movement of the capping domain towards the nuclease active site (Fig. 2c) . In contrast, the conformation of the Mre11 CD dimer displays greater variation between the eukaryotic Mre11 structures. CtMre11 CD and SpMre11 CD adopt similar conformations yet differ with respect to the human Mre11 CD dimer, in which a significantly different interface between the two nuclease domains is stabilized by a disulfide bond. This disulfide bond is absent in the S. pombe structures and the presented CtMre11 structure Schiller et al., 2012) .
Interestingly, comparison with SpMre11 CD and the SpMre11 CD -Nbs1 complex reveals that CtMre11 CD has fully ordered insertion loops even in the absence of Nbs1, and we are now able to model the entire eukaryote-specific loop insertion that plays a critical role in the interaction with Nbs1 and in damage signalling (Figs. 1 and 2d) Fig. 1b) . Indeed, the dimeric conformation of CtMre11 CD with fully ordered insertion loops is very similar to that of SpMre11 CD bound to Nbs1, but is quite distinct from the more open SpMre11
CD dimer conformation in the absence of Nbs1 (Fig. 3) . The Nbs1-binding site bridging the SpMre11 dimer is occupied in the presented structure by symmetry-related molecules that may stabilize the insertion loops. This dimeric structure of Mre11 enables each nuclease active site to bind a dsDNA substrate and thus allows the bridging of two DNA ends (Williams et al., 2008) . Interestingly, the insertion loops extend the Mre11 dimer interface through reaching across the lateral CtMre11 CD dimer interface. Notably, the conserved phenylalanine (Phe102 in C. thermophilum) stacks with and stabilizes Arg77, a critical residue in stabilizing the Mre11 dimer interface (Schiller et al., 2012) , of the opposing protomer (Fig. 2d) . As a result, the 1490 Å 2 Mre11-Mre11 interface of CtMre11 CD is twice as large as that of Mre11 from the thermophilic archaeon Pyrococcus furiosus (Krissinel & Henrick, 2007) , in which the insertion loops are absent.
In summary, this structure of CtMre11 CD fully defines the eukaryotic insertion loops and shows that these loops expand the Mre11 dimer interface (Hopfner et al., 2001) . Furthermore, our results show considerable flexibility not only between the Mre11 protomers but also between the phosphodiesterase domain and the capping domain.
